The evolution of carbon/boron deposition and the deuterium inventory were determined during the transition from a carbon dominated to a full tungsten ASDEX Upgrade. In the carbon dominated machine about 17 g of carbon were deposited at the inner divertor and in remote areas during one standard discharge campaign. Main carbon sources were the ICRH antennae protection limiters in the main chamber. After coating these limiters with tungsten the carbon deposition decreased to 35 g. The remaining carbon originated mainly from erosion at the outer divertor strike point. Transition to a full tungsten machine resulted in a further decrease of the carbon deposition to about 1 g. 1.31.7 g deuterium was trapped in codeposited carbon/boron layers in the divertor and in remote areas during the carbon dominated campaigns. The deuterium inventory decreased to 0.140.22 g in the full tungsten machine.
With the decision of building ITER fusion research entered a new era. Integrated scenarios with both optimized plasma performance and compatibility with plasma-wall interactions phenomena gain increasing importance. ITER [1] follows a conservative approach by using beryllium for the main chamber plasma facing components (PFCs) and carbon bre composites (CFCs) at the divertor strike points. This solution, however, may result in unacceptably high tritium inventories due to the high erosion yields of Be and C [2, 3] and co-deposition with tritium [46] . In a future power reactor Be and C are not viable solutions and high-Z components will have to be used [7, 8] .
A long term program was started in the divertor tokamak ASDEX Upgrade to implement tungsten PFCs and to explore their feasibility. The area of W-PFCs was increased steadily from 1999 to 2007, nally reaching a full-W machine [9] . The stepwise transition from a full carbon to a full tungsten machine oered the unique possibility to study the inuence of the wall material on materials migration and deuterium inventory. The change of the wall material was therefore accompanied by an extensive surface analytical program [10 14] . The inuence of the wall material on plasma performance and impurity content can be found in [15] , while this paper focuses on carbon migration and deuterium inventory.
Experimental

Wall materials
The replacement of carbon tiles by tungsten coated ones started in summer 1999, resulting in a full tungsten machine in the year 2007 [9] . The increasing W coverage is summarized in table 1, a graphical representation can be found in [16, Fig. 1 ]. The technical solution chosen was of W coatings on graphite and CFC [9] . Most tiles were coated with a 34 µm thick W layer using physical vapor deposition (PVD), the outer strike point tiles were coated with 200 µm W using vacuum plasma spraying (VPS).
A cross-section of the lower divertor is shown in Fig. 1 . The inner divertor is formed by tiles 4 to 6B, tiles 9A to 9C are the roof bae, and tiles 10 to 3 the outer divertor. Tile 1 is the outer and tile 4 the inner strike point tile.
All tiles consisted of ne grain graphite, except tile 4 which was made from carbon-bre composite (CFC). Usually 68 boronizations using B 2 D 6 are applied for wall conditioning. These deposit boron mainly in the main chamber and are almost ineective in the divertor [17] . The D inventory introduced by boronizations is small compared to the gas introduced during plasma discharges [14] . [19, 12, 14] .
Marker layers were analyzed prior to installation with Rutherford-backscattering (RBS) using high energy protons. The tiles were analyzed again after exposure using RBS under the same conditions, thus providing information about the change of the marker layer thickness and material deposition on the marker [10, 11] . Deuterium was detected by nuclear reaction analysis (NRA) using the D( 3 He,p) 4 He reaction at dierent incident energies [14] . NRA was also applied for detection of C using the 12 C( 3 He,p 1 ) 14 N reaction at 2500 keV incident en-ergy. Secondary ion mass spectroscopy (SIMS) depth proling was made with 5 keV O 2 ions. TDS measurements were performed in the TESS device [20] with samples of 10 × 20 × 2 mm 3 cut from divertor tiles. The samples were heated to 1200 K with a heating ramp of 0.5 K/s, and masses 3 amu (HD), 4 amu (D 2 ), and 20 amu (CD 4 ) were recorded with a quadrupole mass spectrometer (QMS).
Results
Evolution of C deposition and D inventory
Almost the whole outer divertor is a net erosion area for C and W [10, 11] . A small deposition area was observed below the outer strike point (on the lowest 25 cm of tile 1A) after all campaigns, the amount of B+C deposited in this area is shown in Fig The amount of deposited C decreased by another factor of 24 in 2007 with the full W machine, and the deposition pattern showed a qualitative change: While carbon was mainly deposited in the strike point area of tile 4 and the adjacent tile 5 in the carbon dominated machine, in the full W machine carbon is mainly deposited below the inner strike point. The strike point area of tile 4, and the whole tile 5, show only very small residual carbon deposits. There were no boronizations in the 2007 campaign. Some B was visible on the divertor tiles by RBS, but the amount was too small for quantication. The amount of B was below the detection limit of about 0.08 g. Boron originates from residual boron layers on main chamber tiles created during boronizations in previous campaigns, which are then eroded. The small deposition of B in the divertor indicates that the performed cleaning procedure of main chamber tiles was successful, and left behind only small amounts of remaining B.
A decreasing carbon and deuterium codeposition was also observed in remote areas, see Fig. 3 . The largest decrease was observed after coating the outer bae with W before the 2004/2005 campaign.
The evolution of carbon deposition allows the following conclusions:
• At least 17 g carbon were deposited in the inner and outer divertors and in remote areas during one campaign with the carbon dominated machine. wall and carbon divertor strike points. The observed deposition of 35 g C can be explained by the measured erosion of about 3 g C in the outer divertor [11] : Migration of carbon from the outer divertor to the main chamber was observed spectroscopically [21] . Carbon may then recycle at the main chamber walls and may be subsequently transported to the inner divertor, where it is nally redeposited. Some fraction of this carbon may be redeposited in the main chamber (at side faces of limiters, tile gaps etc.), but the small contribution of the main chamber to the total D inventory [14] indicates that this fraction is small.
• The residual carbon deposition in the full W machine is about 1 g. Remaining carbon sources are discussed below.
Carbon sources in the full W machine
The carbon deposition decreased by a factor of at least 15 from the carbon dominated machine 2002/2003 to the full W machine. This decrease of deposited carbon was accompanied by a decrease of the carbon plasma concentration, but only by a factor of 23 [18, 22] . This can be probably explained by the small amounts of carbon present in the plasma, which can be sustained even by small carbon inuxes, or by a change of carbon recycling.
Where are remaining carbon sources in the full W machine?
• Carbon on tungsten coatings: Carbon was deposited on the tungsten coatings during previous, more carbon-rich campaigns. This carbon can be subsequently eroded and transported to the divertor. However, this amount is assumed to be small due to the extensive cleaning of the vessel before the 2007 campaign. This assumption is supported by the very small amount of deposited boron, which also originates from layers deposited during previous campaigns.
• Erosion of carbon tiles by hydrogen: Atomic hydrogen is able to survive several wall collision and may penetrate into tile gaps and to the back side of tiles. These areas are not completely coated with W, and carbon can be eroded by chemical erosion with thermal hydrogen atoms. This erosion is dicult to quantify, but is expected to be small due to the small erosion yield by atomic hydrogen at room temperature, which is < 2 × 10 −4 [23, 24] .
• Erosion of carbon tiles by oxygen: Oxygen may erode carbon in tile gaps and at back side of tiles by formation of CO and CO 2 . These gases became the main components of the residual gas between discharges in the full W ASDEX Upgrade.
• Electrical arcs: Many arc tracks are observed on tiles in the inner bae on tiles 6A, 6B and some areas of tile 5 [25] . The W coating can be fully removed in the arc track, and the underlying carbon is eroded by the arc.
• Carbon impurities in W coatings: The carbon content of the PVD-W layers is about 2%. Erosion of W coatings is therefore always accompanied by C release due to erosion.
• Photodesorption of CO and CO 2 : CO and CO 2 , which are adsorbed at metallic vessel walls from the residual gas, are released during plasma discharges by photodesorption [26] . CO and CO 2 may originate from erosion of carbon by oxygen, or from the residual gas.
Deuterium inventory
In the carbon dominated machine 1.31.7 g D was trapped in the ASDEX Upgrade divertor and in remote areas during 3000 s plasma operation (g. 3).
Other areas, such as tile gaps, upper divertor, limiter tiles etc. add an additional 0.10.2 g [14] and are not considered in the following. D was mainly retained due to codeposition with C, and to some extend also by codeposition with B. A reduction of the carbon deposition by a factor of 46 in the 2005/2006 campaign reduced the D inventory only by a factor of less than 2 due to the remaining codeposition with B in the inner divertor by regular boronizations. Absence of boronizations and a further reduction of the C deposition in the full W machine nally reduced the D inventory to 0.140.22 g. The inventory in the inner divertor appears to be still dominated by codeposition with remaining C, as can be seen by the correlation between D and C (Fig. 2) . This was conrmed by deuterium depth proles from the area of highest inventory on tile 4, which showed that D was trapped in C layers on top of the W. But the total D-inventory was now dominated by the outer divertor, see Figs. 3 and 4. The outer divertor showed only small amounts of redeposited C and the amount of D exceeded the amount of C (see Fig. 4 ), which already indicates that the majority of D was trapped in W. This is conrmed by the larger amount of detected D by TDS than by NRA within the top 3 µm. Although some codeposition with C may have occurred, especially in pores and valleys of the very rough VPS layers on the outer strike point tile 1, the total D inventory is now dominated by implantation, diusion and trapping in the 200 µm thick VPS layers at the outer strike point. The dip in the D-inventory on tile 1 (see Fig. 4 ) is observed at the most often used strike point position, where also the highest power uxes and surface temperatures are observed.
As was already shown in [27] , VPS layers trap about 5 times more D than polycrystalline W at low uences, while the amounts of trapped D get identical at higher uences for both materials. This was conrmed for the ASDEX Upgrade conditions by determining the D inventory in polycrystalline W samples from ash-mounted Langmuir probes at the outer strike point, which were exposed under identical conditions as the VPS layer and gave identical amounts of trapped D in TDS measurements [28] . This indicates that a bulk W divertor would retain about the same amount of D as the used VPS layers.
Conclusions
The stepwise transition from a full carbon to a full tungsten machine allowed to identify the main carbon sources in ASDEX Upgrade. About 17 g carbon were deposited in the divertor and in remote areas during one 'standard' campaign (3000 s discharge time) in the carbon dominated machine. 1215 g of this deposited carbon originated from the ICRF protection limiter frames in the main chamber, and 35 g from the outer divertor. The replacement of all carbon tiles by W coated ones reduced the divertor carbon deposition to about 1 g. Some fraction of this residual carbon deposition originates from the applied technical solution, i.e. tungsten layers on carbon tiles, which allows the release of carbon by electrical arcs (which can erode the whole W layer in the arc track) and by chemical erosion of C by atomic hydrogen or oxygen in tile gaps and at tile back sides.
In the carbon dominated machine D was trapped in codeposited boron/carbon layers mainly in the inner divertor and, to a lesser extent, in codeposited carbon layers in remote areas. A reduction of the carbon deposition by a factor of 46 resulted in a reduction of the D inventory only by a factor of 2 due to continuing boronization and codeposition with B. The transition to a full W machine without boronizations nally reduced the trapped D inventory by a factor of 510, as compared to the carbon dominated machine. Although this reduction is already encouraging from the viewpoint of tritium inventory, it does not yet mark the full potential of tungsten for long pulse machines:
The amount of hydrogen trapped by codeposition with carbon increases linearly with particle uence (or discharge time), while the amount of hydrogen trapped in tungsten increases only with the square root of uence [29, 30] . This results in even smaller inventories for all-tungsten compared to all-carbon machines at high uences and makes tungsten even more favorable for long pulse or steady-state machines. The ASDEX Upgrade results are in good agreement with laboratory measurements. Identical deuterium inventories in the plasma-sprayed 200 µm thick W-layers and bulk W are observed. A full tung-sten machine therefore could be a viable solution for the problem of tritium inventory in ITER and DEMO. 
